Selective etching was studied between the crystalline GaN and its dislocations by controlling the KOH concentration and the ultraviolet photon intensity in photoelectrochemical (PEC) etching. The PEC etching rate of GaN is governed by the density of photogenerated carriers and the direct chemical reaction between GaN and the electrolyte. The dislocation is more chemically reactive than crystalline GaN, whereas crystalline GaN has a higher density of the photogenerated minority carrier than the threading dislocation. By using the selective etching method, the origin of photoluminescence (PL) from the near bandedge of crystalline GaN and dislocations could be clarified. The room-temperature PL peak at 3.41 eV is due to the emission from the crystalline GaN and the peak at 3.35 eV is attributed to the threading dislocation. © 2000 The Electrochemical Society. S1099-0062(00)04-024-4. All rights reserved. There has been great interest in short-wavelength light-emitting diodes (LEDs) and laser diodes (LDs) fabricated from III-V nitride semiconductors. It is widely believed that dislocations in III-V arsenides and phosphides are nonradiative recombination centers and reduce the efficiencies of LEDs and lasers. Based on the results of atomic force microscopy (AFM) in combination with cathodoluminscence, it was concluded that the minority carriers are depleted at threading dislocations in GaN with high nonradiative recombination velocity. 1-2 However, LEDs with high external quantum efficiency can be made on the GaN-based substrate that contains high dislocation density, in excess of 2 x 10 8 to 2 x 10 11 cm -2 . 3 Blue nitride diode lasers have also been achieved on the GaN-based substrates with multi-quantum-well structures. 4 This indicates that the dislocation effect in III-V nitrides is a critical issue. However, at high enough dislocation density, light scattering by dislocations can cause a significant cavity loss for the lasing mode. 5 In addition, it was reported that filled traps along the threading dislocation line in GaN act as Coulomb scattering centers. 6 Electron scattering by the charged dislocation line causes low transverse mobility in GaN. On the lateral epitaxial overgrow GaN device with low dislocation density, reverse-bias leakage can be reduced by over three orders of magnitude. 7 Although the operating mechanisms of III-V nitrides may be fundamentally different from III-V arsenides and phosphides, the dislocation can significantly affect their optical and electrical properties and reliabilities, especially under high current condition. 8 A detailed study of dislocations in III-V nitride substrates is thus needed for better understanding the correlation between structure and device performance.
There has been great interest in short-wavelength light-emitting diodes (LEDs) and laser diodes (LDs) fabricated from III-V nitride semiconductors. It is widely believed that dislocations in III-V arsenides and phosphides are nonradiative recombination centers and reduce the efficiencies of LEDs and lasers. Based on the results of atomic force microscopy (AFM) in combination with cathodoluminscence, it was concluded that the minority carriers are depleted at threading dislocations in GaN with high nonradiative recombination velocity. [1] [2] However, LEDs with high external quantum efficiency can be made on the GaN-based substrate that contains high dislocation density, in excess of 2 x 10 8 to 2 x 10 11 cm -2 . 3 Blue nitride diode lasers have also been achieved on the GaN-based substrates with multi-quantum-well structures. 4 This indicates that the dislocation effect in III-V nitrides is a critical issue. However, at high enough dislocation density, light scattering by dislocations can cause a significant cavity loss for the lasing mode. 5 In addition, it was reported that filled traps along the threading dislocation line in GaN act as Coulomb scattering centers. 6 Electron scattering by the charged dislocation line causes low transverse mobility in GaN. On the lateral epitaxial overgrow GaN device with low dislocation density, reverse-bias leakage can be reduced by over three orders of magnitude. 7 Although the operating mechanisms of III-V nitrides may be fundamentally different from III-V arsenides and phosphides, the dislocation can significantly affect their optical and electrical properties and reliabilities, especially under high current condition. 8 A detailed study of dislocations in III-V nitride substrates is thus needed for better understanding the correlation between structure and device performance.
Various structures of threading dislocations in GaN films have been identified by AFM and transmission electron microscopy (TEM). Only dislocations with weak chemical bonds and high etch rates form etch pits on the surface after wet etching. Etch pits were revealed by molten KOH etching and etch pit density (EPD) was used to evaluate the dislocation in GaN layers. However, there was a discrepancy in the dislocation density measured by EPD and TEM. 9 The dislocation density is underestimated by the EPD method because not all dislocations are revealed by molten KOH etching. Recently, the etch pit revealed by wet etching was attributed to the site of the open-core screw dislocation in GaN. 10 However, the method of evaluating the exact dislocation density in GaN layers was studied by the photoelectrochemical (PEC) etching method. Youtsey et al. 11 and Watanabe et al. 12 had exact correlation between the threading dislocation density by PEC selective etching and TEM method. In their PEC selective etching methods, Youtsey et al. used z E-mail: hlhwang@ee.nthu.edu.tw a constant ultraviolet (UV) light power and changed the KOH concentration in a narrow concentration range to acheive selective etching and Watanabe et al. used pulse etching by switching the circuit periodically to achieve selective etching to avoid the diffusion limited process. In this study, we tuned the UV power intensity and KOH concentration to demonstrate the selective etching mechanism more clearly. After that selective etching of crystalline GaN and the dislocation was carried out by PEC etching and the corresponding PL spectra were clarified.
The unintentionally doped n-GaN sample used in this study was obtained from Industrial Technology Research Institute in Taiwan (ITRI, carrier concentration ~1 x 10 17 cm -3 ) and Cree Research Inc. (carrier concentration <5 x 10 16 cm -3 ). The ITRI samples consist of a 2.5 µm GaN epitaxial layer grown on sapphire with a low-temperature grown buffer layer. The etching results of GaN samples from these two sources were similar. Standard lift-off lithography technique was applied to form the 100 µm square Ti metal mask that served as the ohmic contact for better photocurrent conduction to platinum (Pt) cathode. A Pt mesh was used as the anode. No bias was applied in any experiment. The GaN sample was cleaned by methanol and acetone and rinsed with deionized water. The sample was clipped between two Teflon plates. PEC etching of GaN was carried in an aqueous KOH solution contained in a Teflon chemical cell. The UV source was an Oriel high-pressure Hg-arc lamp, in which a water filter was mounted on the output window to remove the infrared irradiation.
For all PL measurements, the excitation source was a He-Cd laser (λ = 325 nm) which was typically operated at 1 mW output power and focused to a spot with a diameter of 100 µm on the sample surface. The emitted light was collected by a 50 mm f/1.4 lens in the direction normal to the illuminated surface, and focused into a SPEX 500M monochromator with an electrically-cooled GaAs photomultiplier. Low temperature cathodoluminescence (CL) was performed using JSM-5400 Instruments CL system on a JEOL scanning electron microscope (SEM) equipped with a liquid-helium cold stage. The CL signal was dispersed by a 600 lines/mm grating blazed at 240 nm and detected using a water-cooled photomultiplier tube. All CL spectra were taken at the spot mode under a magnification of 1000 and with 10 keV accelerating electron-beam voltage at 10 K. The electron spot beam size was within the scope of micrometers.
PEC etching has been demonstrated as a means of greatly improving the chemical reactivity of GaN at room temperature. Figure 1a shows a SEM micrograph of a GaN surface obtained after PEC etching for 30 min. The GaN sample is etched in the 0.005 M KOH solution under UV illumination with an intensity of 570 S1099-0062(00)04-024-4 CCC: $7.00 © The Electrochemical Society, Inc. mW/cm 2 . The etched depth is about 0.5 µm and a hillocklike morphology is observed on the PEC etched surface. The rough surface is attributed to the consequence of local variations in the photoinduced chemical reactivity with the KOH solution. This suggests that there is marked difference in the photoinduced chemical reactivity between crystalline GaN and dislocation.
The following oxidative decomposition has been postulated to be responsible for PEC etching of GaN 13 2GaN + 6h + j 2Ga +3 + N 2 [1] This anodic reaction requires a concentration of holes on the semiconductor surface to convert surface Ga atoms to higher oxidation states. During PEC etching, photogenerated holes assist the oxidation and subsequent dissolution into solution. Therefore, the etch rate is mainly governed by the hole density at the interface between the sample and the solution. The density of the minority carrier (that is hole for n-GaN) is dependent on the distribution of crystalline GaN and dislocation on the surface. The hillocklike morphology on the etched surface may arise from the difference in the minority carrier density between crystalline GaN and dislocation. Because the minority carrier is depleted by the dislocation, crystalline GaN has higher hole density in n-GaN than the dislocation, and is preferentially etched by the KOH solution. This means that the hillock on the etched surface is due to the presence of dislocations.
The effect of minority carrier density on the etch rate become much evident by prolonging the etching time. Figure 1b shows a SEM photograph of the GaN film etched in 0.01 M KOH for 45 min. A whiskerlike surface obtained after a long period of PEC etching, as reported by Youtsey et al. 14 in a previous study. Prolonging the PEC etching time accumulates the difference in PEC etching rates between crystalline GaN and dislocations and gradually changes the etched morphology from the hillocklike shape into the whiskerlike shape. Figure 1c shows the SEM photograph of a GaN surface obtained after the PEC etching for 30 min in 0.05 M KOH solution under the UV irradiation with a power density of 430 mW/cm 2 . The average etching depth is about 2.33 µm and a very thin residual GaN layer remained. There are etch pits observed on the etched surface. Unlike crystalline GaN, dislocation is not a structural configuration with good chemical stability so that it can react directly with the electrolyte (KOH) in the solution. In PEC etching, in addition to the mechanism of photoassisted etching, a direct chemical reaction between the KOH electrolyte and the dislocations results in the etching of dislocations on the GaN surface. 15 With increasing KOH concentration to 0.05 M and decreased power to 430 mW/cm 2 , Fig. 1c shows that the residual thin GaN layer may contain crystalline GaN only with etching pits corresponding to the dislocation site. At low UV intensity and high KOH concentration, the PEC etch rate decreased so that the chemical etching by KOH became relatively evident in the overall etching process. The observed etch pit on the surface revealed the dislocation site. When GaN was etched at 330 mW/cm 2 UV intensity and 0.04 M KOH concentration for 30 min, the etch depth attained to 0.25 µm. Note that the etch pits of ~20-90 nm in diameter has the same scale as that of whiskers. The etch pits in dislocation sites became evident as shown in Fig. 1d .
To establish a clear correlation between PL and dislocations, selective etching was used to prepare an etched surface covered with crystalline GaN or dislocations. The PL spectrum of the as-grown GaN film was measured for comparison with the etched surfaces. As shown in Fig. 2a , the PL spectrum of the as-grown GaN film exhibited emission peaks at 3.41 and 3.35 eV, similar to the results previously reported. 16 The main peak at 3.41 eV is assigned to be a nearband emission (NBE) of crystalline GaN. The shoulder peaks at 3.35 eV have not been clarified, but are assigned to an emission from threading dislocation in this study. This assignment is discussed below. Figure 2b -d show the room-temperature PL spectra corresponding to the etched surfaces shown in Fig. 1a -c. The intensity in Fig. 2b-d is normalized to make the contrast more obvious. Figure 2b shows that the NBE intensity at 3.41 eV is greatly reduced and the peak at 3.35 eV is well resolved from the NBE peak. The relative intensity between the peaks at 3.41 and 3.35 eV is much decreased on the etched surface. As described previously, preferential etching of crystalline GaN by PEC etching forms the dislocation-rich hillock surface. This results in the PL intensity reduction at 3.41 eV because the crystalline GaN was decreased, whereas the intensity at 3.35 eV due to dislocations remained almost unchanged when compared to the as- grown sample. After a longer period of PEC etching, only a peak centered at 3.35 eV was obtained as shown in Fig. 2c . This indicates that more crystalline GaN is removed from the surface and the intensity at 3.41 eV is greatly attenuated. The etched surface is covered by dislocations with whiskerlike structures. The PL peak centered at 3.35 eV is thus attributed to originate from the emission of dislocations. On the other hand, dislocations are selectively etched from the surface by a high KOH concentration and the surface is covered by the crystalline GaN. This is consistent with the spectral measurement. As shown in Fig. 2d , the peak at 3.35 eV attributed to dislocations almost disappears in the PL spectrum. The main peak at 3.41 eV is due to the emission from the crystalline GaN as observed in Fig. 1c . In this study, the PL peaks of as-grown and etched samples are clearly assigned using the selective etching.
To further verify our findings, 10 K CL measurements were used to spatially identify the luminescence originating from the dislocations as well as the crystalline GaN. Figure 3a shows the plan-view scanning electron micrograph of etch whiskers in the GaN film, in which the Ti metal mask was removed by NH 4 OH:H 2 O 2 :H 2 O before the CL measurement. On the unetched region of the same sample the band-to-band transition at 3.471 eV and donor-bound-exciton (D°X) emission at 3.466 eV are identified as shown in Fig. 3b . In contrast to this observation, the CL spectrum measured in the region where only whiskers remained presents a distinct peak at 3.43 eV beside the D°X peak. Because only residual GaN and whiskers were left on the sample, as seen in Fig. 1b , the emission at 3.43 eV is distinctly resulted from the dislocation-related whiskers. Figure 4a shows the energy of emission peak as a function of sample temperature. The temperature coefficient obtained from our data is -3.26 x 10 -4 eV/K [100 K < T < 300 K] for NBE in the crystalline GaN and -2.04 x 10 -4 eV/K [100 K < T < 300 K] for the transition in dislocations. The emission from dislocations is dependent on the sample temperature during the PL measurement. This implies that the dislocations do not originate from the donor-acceptor pair (DAP). 17 Figure 4b shows the relative ratio of PL intensities between the crystalline GaN and the dislocations. The ratio increases with the decrease in sample temperature. At low temperatures, the exciton recombination enhances the PL intensity of the crystalline GaN, but the localized transition of the luminescence intensity at the disloca- Fig. 1a-c) . tion region did not follow the increase of the NBE. The PL intensity of the crystalline GaN is higher than that of dislocations at 50 K and the dislocation intensity is below the noise signal level.
To summarize the above results, we conclude that the dislocations contain a strong localized transition at 3.35 eV as identified from the room-temperature PL experiments. The spatially resolved low temperature CL mapping assists in this assignment, in which a distinct emission peak at 3.43 eV was obviously observed only on the etched region in which etch whiskers remained. Despite the recent theoretical calculation of a full-core dislocation structure which revealed that the threading dislocations in GaN do not have electronic states in the bandgap, 18 other calculations indicated that dislocations may be charged; e.g., in n-type GaN, Ga vacancies 19, 20 in the core, or Ga vacancies complexed with oxygen, 21 should have the acceptor nature. Furthermore, recent scanning capacitance microscopy imaging of threading dislocations shows that negative charge exists near the dislocations, which could indicate acceptor-like traps. 22 In our experiments, the dislocations could act as acceptor-like traps with a strong localized transition. These dislocation traps capture carriers to hinder the oxidative etching reaction during the PEC etching process and hence only whiskerlike structures remained. This is also consistent with the experimental results of Youtsey et al. 11 and Watanabe et al. 12 In summary, selective etching between the crystalline GaN and the dislocations was carried out by controlling the KOH concentration and the photon intensity in PEC etching. Selective etching is attributed to the difference in the direct chemical reactivity between KOH and GaN and the density of the minority carrier photogenerated on the surface. The etched surface covered with the crystalline GaN or the dislocations was prepared and the origins of PL from crystalline GaN and dislocations are clarified. The PL peak at 3.41 eV is due to crystalline GaN and the PL peak at 3.35 eV is attributed to the threading dislocation. 
